We show that a small number of intentionally introduced defects can be used as a spectroscopic tool to amplify quasiparticle interference in 2H-NbSe 2 , that we measure by scanning tunneling spectroscopic imaging. We show from the momentum and energy dependence of the quasiparticle interference that Fermi surface nesting is inconsequential to charge density wave formation in 2H-NbSe 2 . We demonstrate that by combining quasiparticle interference data with additional knowledge of the quasiparticle band structure from angle resolved photoemission measurements, one can extract the wavevector and energy dependence of the important electronic scattering processes thereby obtaining direct information both about the fermiology and the interactions.
In many complex materials including the two dimensional cuprates, the pnictides, and the dichalcogenides the electronic ground state may spontaneously break the translational symmetry of the lattice. Such density wave ordering can arise from Fermi surface nesting, from strong electron-electron interactions, or from interactions between the electrons and other degrees of freedom in the material, such as phonons. The driving force behind the formation of the spatially ordered states and the relationship of these states to other electronic phases such as superconductivity remains hotly debated.
Scanning tunneling spectroscopy (STS) has emerged as a powerful technique for probing the electronic properties of such ordered states at the nanoscale [1] [2] [3] due to its high energy and spatial resolution. The position dependence of the current I-voltage V characteristics measured in STS experiments maps the energy dependent local density of states ρ(r, E) [4, 5] .
Correlations between the ρ(r, E) at different points at a given energy reveal the pattern of standing waves produced when electrons scatter off of impurities [6] . These quasiparticle interference (QPI) features may be analyzed to reveal information about the momentum space structure of the electronic states [7] . The intensity of the QPI signals as a function of energy and momentum also contains information about the electronic interactions in the material [8, 9] .
In this work, we take the ideas further, showing how impurities can be used intentionally to enhance QPI signals in STS experiments and how the combination of the enhanced QPI signals with electronic spectroscopic information available in angle-resolved photoemission (ARPES) measurements can be used to gain insight into the physics underlying electronic symmetry breaking and quasiparticle interactions. By observing the electronic response to the addition of dilute, weak impurities to the charge density wave material 2H-NbSe 2 we directly measure the dominant electronic scattering channels. We show conclusively that Fermi surface nesting does not drive CDW formation and that the dominant quasiparticle scattering arises from soft-mode phonons.
Our theoretical analysis begins from a standard relation between the current-voltage characteristic dI dV at position r and voltage difference V = E and the electron Green's function G, valid if the density of states in the tip used in the STS experiment is only weakly energy dependent
Here M is a combination of the tunneling matrix element and wave functions (see supplementary material); M and G are matrices in the space of band indices.
To calculate the changes in dI/dV induced by impurities we observe that in the presence of a single impurity placed at position R a the electron Green's function is changed from the pure system form G toG given bỹ
Here T(r, r , E) is the T-matrix describing electron-impurity scattering as renormalized by electron-electron interactions. It is a matrix in the space of band indices, and we suppress spin indices, which play no role in our considerations.
Assuming (see supplementary material) that M is structureless (couples all band indices equally), Fourier transforming and assuming that interference between different impurities is not important gives for the impurity-induced change in the tunneling current
with v the volume of the systems and the scattering function of complex argument z given in the band basis in which G is diagonal as
At this stage no assumption has been made about interactions.
From Eq. 3 we see that structure in δdI(k, E)/dV can arise from structure in the combination G p G p+k of electron propagators (Fermi surface nesting) or from structure in the T-matrix, the latter arising either from properties of the impurity or from interactions involving the scattered electrons. Combining an STS measurement with an independent determination of G (for example by ARPES) allows the two physical processes to be distinguished. However, a direct analysis of Eq. 3 requires precise measurement of the positions of all of the impurities so that the a e ik·Ra factor can be divided out. This is impractical at present, so we focus on |δdI(k, E)/dV | where for dilute randomly placed impurities the prefactor can be replaced by the square root of the impurity density. Eq. 3 can be further simplified if one assumes that the T matrix depends primarily on the momentum transfer k and has negligible imaginary part (i.e. scattering phase shift near 0 or π). Such an assumption is particularly appropriate when the scattering arises from weakly scattering uncharged point impurities. We find
with
An integral of B over the occupied states yields the components of the noninteracting (Lindhard) susceptibility (see supplementary material)
where f is the Fermi function. This observation permits an interesting analysis. If the impurity scattering potential V imp is structureless and weak, a measurement of the QPI then directly yields the Lindhard susceptiblity. Conversely, if the impurities are known to be weak, differences between the measured QPI intensity and the Lindhard susceptibility reveal the effects of interactions, which appear formally as a "vertex correction" of the basic impurity-quasiparticle scattering amplitude V imp (see supplementary material).
We apply these concepts to 2H-NbSe 2 , a quasi-2D transition metal dichalcogenide that displays a charge density wave (CDW) phase transition below T CDW ≈33 K [10] [11] [12] . The physics of this ordered state is still under debate. While some experiments point to an important role of Fermi surface (FS) nesting [13, 14] , perhaps accompanied by a van Hove singularity [15, 16] , an alternative scenario argues that the nesting of the FS is not strong enough to produce the CDW instability [17, 18] , and proposes that a strong electron-phonon coupling [19, 20] is responsible. ARPES experiments do not detect a strong effect of the CDW order on the near-FS states.
No signatures of QPI have been detected in previous STS studies of NbSe 2 , presumably due to the lack of sufficient scattering centers in the pristine material. To enhance the QPI signal we introduced dilute sulfur doping to pristine NbSe 2 (NbSe to be approximately 1% from STM topographic images. In Fig. 1 (a), we show a typical topographic image taken at 27 K (T<T CDW ) that displays the S defects as well as a few Se vacancies. In Fig. 1 (b), we show a topographic image of pristine NbSe 2 in the CDW state for comparison. The CDW persists in the S-doped material as evidenced by its coverage across the entire sample, although the doped material is clearly less homogeneous than the pristine sample. This is also evident in the 2D Fast Fourier transform (2D-FFT) of the topographic images for the doped ( Fig. 1(c) ) and pristine ( Fig. 1(d) ) samples. Well defined CDW peaks Maps have been rotationally symmetrized as described in the main text.
at k CDW =k Bragg /3 are seen in the FFT for the pristine sample. These peaks broaden in the doped material, though the periodicity of the CDW does not change. Interestingly, in both materials the CDW is enhanced in the neighborhood of the Se vacancies are peaks at k k Bragg /3 (black arrows in Fig. 2 (b) at all energies measured by STS. This feature has been seen before in the pristine sample [21] and is a consequence of the CDW order. A second feature occurs along the same direction as the CDW wavevector but at an energy-dependent position. Since this feature disperses in k as E is changed, we identify it as a QPI signal. Thus, the light doping introduced in the system successfully enhances the QPI signal while not altering the electronic structure of NbSe 2 .
From Fig. 2(b) we see that the QPI peaks are located at wavevectors close to the Brillouin zone edge for E=-110meV and move towards the zone center with increasing energy. We see however that for all energies presented in this paper the QPI peaks remain far from the CDW wave vector. This is illustrated more clearly in Fig. 3 (a) which presents a line-cut of the STS data along the Γ − M direction for each one of the energy slices of the STS maps.
At the Fermi energy, the QPI signal is separated from the CDW signal by ∆k 1 3 k CDW .
Extrapolation to higher energies suggests that k QP I would reach k CDW only at E 300meV above the Fermi level.
Combining ARPES and STS measurements allows us to extract important additional information about the nature of scattering near the Fermi level in the CDW state of NbSe 2 .
Representative ARPES measurements are presented in Fig. 3(b) . Comparison to similar data obtained on the pristine material [14, 22] revealed no significant changes in the band dispersion, further confirming that study of the lightly S doped system reveals information relevant to pristine NbSe 2 . We fit our ARPES measurements in renormalization of the observed bands relative to the calculated [17, 18] bands, as previously noted [23] . Using this band structure, we then calculate G and hence B mn (k, E) from Eq.
6. Fig. 4(a) To further characterize the differences between the quasiparticle band structure and the QPI, we assume that the T-matrix couples all states equally ( T mn k (E) = T k (E) independent of band indices mn) and construct an experimental estimate of T k (E) from Eq. 5 by dividing the measured |δdI(k, E)/dV | by the calculated nm B nm (k, E). The resulting |T k (E)| in shown in Fig. 4(b) . The strong and non-dispersing peak seen in T k (E) at the CDW wave vector (indicated by the green arrows in Fig. 4(b) ) is similar to the structure factors seen in X-ray diffraction experiments [24, 25] . It is caused by the deformation of the band structure due to the periodic potential arising from the CDW ordering. Its lack of dispersion shows directly that this feature in our STS signal does not arise from quasiparticles.
We now consider the structure highlighted as a strong peak in T near the zone edge in the Γ − M direction indicated by the purple arrows in Fig. 4(b) . All available evidence suggests that the potential induced by the S-dopants is weak and structureless, so that the enhancement is an interaction effect. The strong momentum dependence of |T | indicates that the intensity variation of the STS signal is not explained by the quasiparticle band structure. However, it is significant that at all measured energies, the strong peak in T lies within the |k| region delineated by the group of approximately concentric circles seen in the calculated B (denoted by the black boxes in Fig. 4(a) The main contribution to these circles arises from 2k F backscattering across each of the Fermi surfaces. This suggests that the observed QPI arises from an enhancement of backscattering [26] by a strongly directiondependent interaction [27] . Available calculations [19, 28] suggest that soft acoustic phonons with wavevector along the Γ − M direction are strongly coupled to electrons for a wide range of |k|. By contrast the high intensity regions in B near the K point arise from approximate nesting of the Fermi surfaces centered at Γ and K; that these are not seen in the measured QPI again confirms that nesting is not enhanced by interactions and is not important in this material. We therefore propose that the observed QPI signal arises from a renormalization of a structureless impurity potential by the electron-phonon interaction.
In summary, we used dilute doping of NbSe 2 with isovalent S atoms to enhance the QPI signal and, by combining STS and ARPES measurements were able to show that the QPI signal measures more than just the fermiology of the material. We were able to confirm that the CDW does not arise from Fermi-surface nesting and we identified an important quasiparticle interaction, most likely of electron-phonon origin. Our approach reveals that the response to deliberately-induced dopants is an important spectroscopy of electronic behavior. We expect it can be extended to many other systems. 
SUPPLEMENTARY MATERIAL FOR "QUASIPARTICLE INTERFERENCE, QUASIPARTICLE INTERACTIONS AND THE ORIGIN OF THE CHARGE DENSITY-WAVE IN 2H-NBSE 2 " I. RELATING THE CHARGE SUSCEPTIBILITY AND QPI
Here we present specifics of the relation between the measured QPI intensity and basic electronic properties including the bare charge susceptibility.
A. Derivation of Eq. 3 of main text
We start from the basic tunneling Hamiltonian connecting the tunneling tip to a state of the system of interest:
Expressing the system operator at position r in terms of the operators ψ np that annihilate electrons in band state n and momentum p in the first Brillouin zone as
performing the usual second order perturbative analysis of the tunneling transition rate and differentiating with respect to the voltage difference between tip and sample gives dI dV (r; E) = mn;pq
Writing a position r in unit cell j (central position R j ) as r = R j + ξ and averaging over the in-unit cell coordinate ξ gives
Finally assuming that the combination of the tunneling matrix element and the atomic wave functions has no interesting spatial structure (M independent of p, q) and evaluating the momentum sums in Eq. 11 gives
which is Eq. (1) of the main text.
B. Relation between QPI and Lindhard function
The static Lindhard or particle-hole bubble susceptibility representing transitions between bands n and m, χ mn (k, ν = 0) may be writen
Evaluating the sum in the usual way by converting to a contour integral in the complex plane which is evaluated in terms of the discontinuity across the branch cut along the real axis gives Eq. 7 of the main text.
C. Interactions and the T-matrix
The basic electron-impurity vertex is shown diagrammatically in Fig. 1a . Multiple scattering off of the impurity is shown diagrammatically in Fig. 1(b) . A general vertex corrections (interaction of the incoming and outgoing electron) is shown in panel Fig. 1(c) . The particular case of an electron-phonon renormalization is shown in Fig. 1(d) .
II. TIGHT BINDING FIT TO ARPES DATA
Energy distribution curves (EDCs) and momentum distribution curves (MDCs) for the ARPES spectra are shown in Fig. 2(a) and Fig. 2 (b) , respectively. Quasiparticle dispersions are obtained from fits to peak positions, which in turn are determined by fitting the measured EDCs and MDCs to a sum of gaussians, a linear background, and a Fermi function. For example, in Fig. 2 (c) , the EDC data (black dots) are fitted with two Gaussians (blue dashed curves), a linear background, and a Fermi function; in Fig. 2 (d) , the MDC data (black dots) are fitted with four Gaussians (blue dashed curves) and a linear background.
The energy and momentum positions of the peaks are shown in Fig. 3 as empty circles. We fit these two bands to a previously-proposed [23] five-nearest-neighbor tight-binding model to extract the band dispersions (red solid curves). The bands of the tight-binding model are given by the following expression:
+ t 2,i (2 cos(3η x ) cos(η y ) + cos(2η y )) + t 3,i (2 cos(2η x ) cos(2η y ) + cos(4η x )) + t 4,i (cos(η x ) cos(3η y ) + cos(5η x ) cos(η y ) 
These expressions model the quasi two-dimensional Nb-derived bands that are observed in ARPES experiments. A Se-derived band with strong k z dispersion is also found in DFT calculations [18] but is typically not seen in ARPES [29] . The strong k z disperson of this band also means that it will contribute less to the QPI. We do not consider it here. The parameters of the model are given in Table I . From the tight binding parameters we calculate the components of B via the computationally efficient expression [18] :
III. PARTIAL SUSCEPTIBILITY CALCULATED FROM STS
Proceeding from Eq. 5 of the main text we observe that if the T matrix has negligible energy dependence and couples all bands equally then the integral of the measured QPI signal over a range from −E 0 (chosen such that E 0 >> kT ) to the Fermi level is, up to a constant, just an approximation χ 0 to the sum of all components of the static susceptibility At the temperatures of the experiment (27 K), the Fermi function can be replaced with a step function, and the integral of the dI/dV signal from −E 0 to 0 is simply the experimentally measured current I(−E 0 ) . We choose a cutoff E 0 = 150meV >> kT = 2.5meV , and plot the experimentally measured I(−150mV ) in figure 5 , where the portion of the signal coming from the CDW is highlighted with the blue rectangle while the dispersing QPI signal is indicated by the red rectangle. Also shown in Figure 5 is the calculated χ(k) obtained from Eq. 7 of the text using the B as computed from the ARPES bands as in Eqs. 17 and 18.
The broad peaks in the χ calculated from ARPES ( Fig. 5 (a) ) are located at k 0.74k CDW as has noted before [22] . The clear disagreement between the two figures points to the key role played by the momentum dependence of the T-matrix in enhancing certain scattering wave vectors in the observed QPI. 19).
IV. REAL SPACE DI/DV MAPS
We present here a sequence of dI/dV measurements for different energies. 
